The main goal of this research study was the removal of Cu(II), Ni(II) and Zn(II) from aqueous solutions using peanut hulls. This work was mainly focused on the following aspects: chemical characterization of the biosorbent, kinetic studies, study of the pH influence in mono-component systems, equilibrium isotherms and column studies, both in mono and tri-component systems, and with a real industrial effluent from the electroplating industry.
INTRODUCTION
The water contamination by toxic metals through the discharge of industrial wastewaters is a worldwide environmental problem. The industries responsible for the discharge of wastewaters containing metals are mining and mineral processing, pigment manufacture, painting and photographic industries, metal-working and finishing processes. Since metals are nonbiodegradable, and may be bio-accumulated in living tissues, their removal from wastewaters is nowadays legally imposed (Sud et al., 2008) .
The main techniques used for metals removal include chemical precipitation, electrolytic and membrane processes, ion exchange and adsorption. Even though these methods are efficient, some of them have found their application limited. Precipitation processes generate large quantity of sludge, which needs further treatment and disposal. The high operational costs, particularly due to the high energy consumption associated with electrolytic and membrane processes, limit their use, moreover the secondary wastes generated are sometimes difficult to treat. Although the sorption processes are efficient, they have their application limited by the high cost of ion exchange resins and activated carbon, the most used sorbents.
The biosorbents can usually be obtained free of charge from the respective producers since they sometimes present disposal problems. They are cheaper than ion exchange resins and activated carbon because the only costs to be considered are those of transport and grinding. Several biosorbents from vegetable source have been tested for the removal of heavy metals, mainly agricultural wastes. Agricultural materials, particularly those containing cellulose, show potential metal biosorption capacity, namely rice and wheat husks, coconut, walnut and almond shells, maize corn cob, soybean hulls and grape stalks (Sud et al., 2008) .
Peanut hulls, one of the most abundant food industry waste products, are a natural low cost material able to fix metal ions. This material may be a potential alternative to commonly used sorbents, with a cost of 0.0015 $ dm -3 , estimated by Brown et al. (2000) .
The main purpose of this study was the removal of copper (II), nickel (II) and zinc (II) from aqueous solutions, using peanut hulls. This work was mainly focused on the comparison of batch and column studies for mono and tri-component systems. One of the challenges in the treatment of real industrial wastewater is their complexity, often containing several metals and other chemical compounds. The material was also tested using a real effluent from the metal-plating industry, which is innovative.
MATERIALS AND METHODS

Materials
The peanut hulls were ground and sieved, then they were washed with desionised water for fines removal and dried at 40ºC. The grain size selected for this experimental work was 1.0-2.0 mm in order to avoid excessive head losses in the packed column experiments. Analytical grade salts (Cu(NO 3 ) 2 .2½H 2 O, Ni(NO 3 ) 2 .6H 2 O, Zn(NO 3 ) 2 .4H 2 O) were used to prepare the metal solutions -20 mg L -1 concentration for Cu(II), Ni(II) and Zn(II). The pH of each solution was measured and adjusted to the desired value using diluted solutions of HCl and NaOH. During the experiments there was no concern in order to control the solution pH and no ionic strength was imposed, like in other research works (Reddad et al., 2002) . The real effluent from the metal-plating industry was obtained after a pre-treatment (neutralization with H 2 SO 4 /NaOH and NaClO oxidation) performed locally. Its characterization can be summarized as follows: neutral pH (7.05), high conductivity (2600 µS cm ), zinc and detergents (both concentrations are below the quantification limit).
Methods
Peanut hulls characterization
The chemical characterization of peanut hulls was performed after grinding and sieving to pass a screen of 1 mm. The following parameters were measured: dry matter was determined by drying samples in a forced-air oven at 65ºC; ash content was evaluated in a muffle furnace at 550ºC for 8 h (AOAC, 1990); organic matter was calculated by subtracting ash from dry matter; crude protein, considered as N Kjeldahl x 6.25, was obtained according to AOAC (1990) ; crude fat was determined by extraction with petroleum ether, using a Gerhart Soxtherm 2000 Automatic system; neutral detergent fibre (NDF), acid detergent fibre (ADF), and acid detergent lignin (ADL) were analyzed by the method of Van Soest et al. (1991) ; hemicellulose and cellulose were calculated as the differences between NDF and ADF, and between ADF and ADL, respectively.
Determination of metal concentration
Metal concentration was evaluated by atomic absorption spectrophotometry (AAnalyst 200, Perkin Elmer Instruments) and pH was measured with a pH meter (Crison, GLP22).
Batch studies
The kinetic studies were performed at pH 4.1 and 20ºC, using a metal solution with 20 mg L -1 initial concentration (900 mL of total volume) and 4 g L -1 sorbent concentration. Magnetic stirring at 400 rpm (Nahita, Model 690/1) was used and samples were taken during the experiments, along 180 min. pH was measured continuously. After filtering the samples (cellulose acetate fibre filters, 0.45 µm pore size diameter, Albet AC-045-47), the metal concentration was evaluated.
The influence of pH was evaluated in the range 3 to 6 using the same conditions. A set of 100 mL erlenmeyers (with cap) containing 50.00 mL of solution and 0.2 g of peanut hulls was used. Agitation was performed at 400 rpm using a magnetic stirrer (Velp, Multi 15 stirrer) into a refrigerated incubator (P-Selecta Hotcold-M). All experiments were made in duplicate and a control test (without sorbent) was run for each metal solution. At the end, samples were filtrated, then metal concentration and pH were measured.
The equilibrium isotherms were determined at pH 5, using the same experimental procedure that was used for the pH studies, except that different amounts of peanut hulls were used in each flask (0.01 to 0.25 g).
Column studies
Column experiments were performed using a packed jacketed column, working at 20ºC (tap water was used as thermostatic fluid). The metal solution was pumped (Gilson, Miniplus 3) downflow through the glass column (Omnifit), with 2.5 cm inside diameter and 15 cm height, at a 5 cm 3 min -1 flowrate. After weighing 10 g of peanut hulls, the sorbent was immersed in distilled water and the air in the adsorbent pores was removed by a vacuum pump, to allow a full contact sorbent/metal solution. The material was then placed inside the column. The inlet metal concentration was 20 mg L -1 ; samples were collected at the column outlet, allowing the determination of the metal concentrations and pH.
RESULTS
Kinetic, equilibrium and column studies were performed for copper (II), nickel (II) and zinc (II), in mono-component and tri-component systems. Experiments with a real industrial effluent from the electroplating industry were also carried out. Most of concentrations are presented in mg L -1 in order to allow a future comparison with legal limits of discharge, therefore sorption capacities are presented in mg g -1
. Capacities in mmol g -1 were calculated when a comparison between metals affinity was needed. The software Fig.P , version 2.98, was used for the non-linear adjustment to models. The statistic treatment allowed the determination of the confidence intervals at 95% for each parameter of the model, the variance (s 2 ), and the determination factor (r 2 ) for each model fit. A Fisher's test was performed in order to compare models, based on the F-values for the models (F calc ) and F critics (F c ) for a probability value of 95%.
Chemical characterization
The chemical characterization of peanut hulls allowed the determination of the following parameters: 92% of organic matter; 3.8% of ash content; 5.4% of crude protein; 0.1% of crude fat; 36.1% of lignin; 5.6% of hemicellulose and 44.8% of cellulose. The results obtained are in accordance with other characterizations (Brown et al., 2000; Yang, 2005) . Basso et al. (2002) suggested that there is a correlation between lignin content of several lignocelluloses and their ability to remove heavy metals from aqueous solutions. Therefore the high cellulose and lignin content observed favour biosorption of metal ions. Moreover, lignocellulosic materials are very porous, have a very high specific surface area and affinity for water (Pehlivan et al., 2008) , which improve the performance of these materials as sorbents. Cellulosic surface becomes partially negatively charged when immersed in water so that possesses columbic interaction with cationic species, which contributes to the high binding abilities of these materials, especially divalent metal cations (Laszlo and Dintzis, 1994) . The oxygen of each carbonyl (present in fats, lignin, protein and pectin) and hydroxyl group (present in cellulose and lignin) is considered a strong Lewis base because of the presence of its vacant double electrons, which could bind to a metal cation forming a complex of coordination.
Batch equilibrium and kinetic studies
The experimental results of the kinetic studies are presented in Figure 1 for mono (a) and tricomponent (b) systems. During the kinetic studies the pH change was not considered significant, it has increased from 4.1 to 4.5. In mono-component systems, biosorption rapidly increased in the first 30 min, after which slowly approached equilibrium. At this time about 50% of copper, 80% of nickel and 100% of zinc have been removed, when compared with the total amount removed at equilibrium. In mono-component systems, zinc reached equilibrium after 1 h, and nickel and copper after 2 h. Other researchers (Zhu et al., 2008) obtained similar results for copper removal by the same material. The same equilibrium times were observed in tri-component system, however the amount removed of each metal was lower. The Lagergren's (1898) pseudo-first and Ho's (1995) pseudo-second order models were fitted to the experimental data. The model parameters and their statistics are presented in Table 1 . The Fisher's test indicates that for copper the models are statistically equivalent for mono-component system and, considering their high determination coefficients, any model could be used; for the tricomponent system, the best fit was obtained for the pseudo-second order model; this kinetic model was proposed for the same system by Zhu et al. (2008) . The pseudo-second order model was also the best for nickel in mono component system; for the same metal, in tri-component system, the models are statistically equivalent, however presenting lower determination coefficients than for copper. For zinc, only the mono-component system data could be fitted; the models are statistically equivalent but the determination coefficients are not high. Pseudo-second order kinetics was followed in general. Other researchers also report the same kinetics for metals removal by agricultural wastes (Aydin et al., 2008) . From Table 1 , it can be calculated that the total sorption of metals (0.041 mmol g -1
) was similar to the maximum capacity obtained in mono-component system (0.038 mmol g -1 for zinc). 
The study of pH influence was performed in the range 3-6, based on previous studies (Aydin et al., 2008; Pehlivan et al., 2008; Zhu et al., 2008) . For higher pH values, the sharp decrease of adsorption is due to the beginning of hydroxides precipitation. Figure 2 shows that the sorption capacity strongly increased with pH in the range 3-4. The same effect was observed by Zhu et al. (2008) who explain that it is because the point of zero charge for peanut hull is about 3.5. At pH values higher than 4, the change in capacity values is not significant for copper and nickel; for zinc, there is an increase in metal ions uptake as the pH value increases from 3 to 6, which could be explained because at lower pH values, the H 3 O + ions compete with the metal ions for the exchange sites in the adsorbent. A pH value between 5 and 6 was considered the most favourable for all systems according to the results presented in Figure 2 . These findings were also reported in the cited studies for metal divalent ions removal using agricultural wastes.
Figure 2. Effect of pH on the biosorption of Cu(II), Ni(II) and Zn(II) by peanut hulls
The experimental results of the equilibrium studies, performed at pH 5, are presented in Figure 3 for mono (a) and tri-component (b) systems. The Freundlich (1906) model, one of the models commonly used to describe the biosorption, was employed to study the process. The model described both the mono-component systems for all metals and the tri-component system for copper; this model could not fit the nickel and zinc isotherms in tri-component system. The model parameters and their statistics are shown in Table 2 . The same model has been used by Zhu et al. (2008) to represent sorption of copper on peanut hulls, showing favourable sorption (n > 1). The same was observed, in this study, for copper in monocomponent system, however in tri-component system its sorption is unfavourable. All the other systems studied show ( Figure 3 , Table 2 ) also unfavourable isotherms, both in mono-component and tri-component systems. The sorption capacities evaluated at the equilibrium concentration of 15 mg L -1 (Figure 3 ) for copper, nickel and zinc in tri-component system are 0.218, 0.185 and 0.123 mmol g -1 , respectively. These results might indicate that peanut hulls have a higher affinity for copper than for nickel and zinc, when they are both present. The same behaviour was observed in tri-component kinetic studies ( Figure 1, Table 1 ). 
Column studies
Tri-component column studies were performed in order to evaluate the influence of the simultaneous presence of the three metals, which may occur in real industrial effluents. As verified in batch equilibrium and kinetic studies, copper shows a higher affinity than nickel and zinc for peanut hulls, therefore a column experiment with copper in mono-component system was performed for comparison with tri-component system. The results of the fixed bed column experiments are represented in Figure 4 as the history of the metal outlet concentration normalized by the inlet concentration for copper in mono (a) and tricomponent (b) systems. The Yoon-Nelson (1984) , Thomas (1944) and Yan's (2001) models were fitted to the experimental data. The best fit to the experimental breakthrough curve was obtained for Yan's model, as demonstrated by the Fisher's test values. However there is some lack of fit in the period 50-100 min (Figure 4) . The parameters and their statistics are presented in Table 3 .
(a) (b) The experimental breakthrough times, for 50% removal, were 10, 40 and 150 min, respectively for nickel, zinc and copper, which are in accordance with the Yoon-Nelson parameter, T YN (Table 3) , and with the kinetic constants shown in Table 1 . From Table 3 , it can be calculated that the sorbent capacity for copper, estimated by Yan's model, q Y , was 0.028 and 0.025 mmol g -1
, respectively in mono and tri-component system, showing that copper was poorly influenciated by the presence of other metals. The total sorbent capacity estimated from the tri-component system, 0.032 mmol g -1 , is quite similar to the mono-component sorption of Cu (II).
The affinity relation between metals and the peanut hulls in column studies was the same that was observed in batch studies. Copper is the most acidic ion and is the least affected by the presence of other less acidic metals, influencing the other metal uptake (Pagnanelli et al., 2002) , which was related to their hydrolysis constants (log K Cu = -8.00 > log K Zn = -8.96 > log K Ni = -9.68) (Schiever, 1996) . Nickel and zinc presented similar behaviour, being the latter better removed.
Experiments with a real effluent
Kinetic, equilibrium and column experiments were performed with peanut hulls using a real industrial effluent from the electroplating industry, containing copper in order to compare them with the results obtained in mono and tri-component system. The kinetic experiments (data not presented) show that equilibrium was reached earlier than in mono and tri-component experiments, which took only 30 min. The equilibrium isotherm results were fitted by Freundlich model, as it has been done for the other systems with copper. The model parameters obtained (Table 4 ) cannot be compared directly because this experiment was performed at the original pH, 7.0. The column experiments, performed both at the original pH (7.0) and at the pH selected for this work (5.0), are compared in Figure 5 with the tri-component results from Figure 4 . The same column models were fitted to the experimental results and their parameters are presented in Table 5 . The Fisher's test shows that the Yan's model is the best fit for the real effluent tested at pH 5.0; for pH 7.0 the three models are statistically equivalent.
Comparing the sorption capacities of copper estimated by Yan's model in tri-component system (Tables 3 and 5 ) and in the industrial effluent, it can be seen that there is a significant decrease in capacity (around 50%) in the last case. This may be related with the presence of other substances in the wastewater, which has a more complex constitution than the tri-component system. From Yoon-Nelson's model, when comparing T YN in mono and tri-component systems, respectively 182 and 151 min (Table 3) , it is longer in the first case as expected, due to the presence of the other metals. This parameter has decreased to 83 min, for the real effluent at pH 5.0, probably due to the increased complexity of real effluent. However, at pH 7.0 the T YN is higher than these values, 209 min, which may be related with the beginning of hydroxides precipitation reported for pH values higher than 6. The influence of pH in the capacity is significant in the range 5-7 (Table 5 ) and is higher 17% at pH 7.0. 
CONCLUSIONS
This research work indicates that peanut hull is a promising sorbent material for metals removalcopper (II), nickel (II) and zinc (II) -specially for copper that can efficiently be removed both in mono-component and tri-component systems, in batch continuous stirred tank adsorber and in column. Tri-component studies were an approach to real industrial wastewaters with their complexity, which is one of the challenges in the treatment of real effluents. The experiments with a real industrial effluent from electroplating industry suggest the applicability of peanut hulls for copper removal even though a decrease capacity and breakthrough time was observed in column studies.
